Abstract -High level synthesis. studies have produced many tools which enable us to design the processing unit of applications. The emergence of new communication services has lead to significant growth in the amount of data to be processed in VLSI chips. It involves to synthesis of memory architecture which enables us to satisfy all the application constraints. To obtain this organization, the first step is to select memory from a component library. This paper suggests a formulation of this problem through a minimization of function under constraints. Our approach takes place after the processing unit synthesis and our methodology can be applied for FPGA chips.
INTRODUCTION
Over the past years, new busrness and home applications using advanced communication systems and also multi-media are emerging. They are becoming the most prominent growth sectors of the electronics industry. They need to implement complex real time algorithms under constraints of time, cost and power chiefly using VLSI circuits. At the same time, these systems need to be designed in a very short ' time-to-market". Moreover, all these digital and signal processing applications handle a large amount of data [l] [2] . The chips will therefore mostly be composed of memory location and address generation. To take all these problems into consideration, we need new high level tools that can help the designer to select a promising path in the huge decision tree from high level specifications to hardware. At first, the studies of high level synthesis (HLS) put forward tools which helped the design of the processing unit (PU) of the application [3] [4] [5] . A short time ago, many memory-unitdesign studies appeared. There can be classified according to three criteria : 1. Consider the memorization problem as soon as possible in the design cycle and suggest synthesis of the memory unit (MU) after the processing unit ; 2. Look at the storage during the synthesis of the PU through the maximization of register utilization ; 3. Our approach suggests a global solution of storage (with processing registers and memory) which ensures that the needs of the PU are satisfied. Our choice is made because of the application domain. Indeed, the digital signal processing (DSP) is characterized by a time constraint that HLS must respect through the synthesis of PU at first. In addition to the PU structural description and the control unit (CU) behavioural description, our HLS tool, GAUT [6] , gives the production and consumption dates of each 0-7803-3134-6/96 $5.00 Q 1996 IEEE transfer between the PU and the MU. This transfer sequence is written in VHDL in order to be simulated (together with the PU), or to be synthesized by the tool that we present in this paper. Our MU-design methodology build the solution in four phases which are : the memory selection in a library, the distribution of data into the memory banks, the placement of data in each bank, and the address generator (AG) synthesis. This paper deals with the memory selection problem. We will, however, see in the paragraph 5 that our methodology enables us to optimize the architectural structure given by HLS tools.
Memory S e n t 2
M-mory bank 1
The model of MU we have adopted is illustrated in figure 1 In the following paragraphs, we will analyse the publications concerning the MU synthesis domain. Then, we will present a formulation of the memory selection problem answering the question above. We will explain how our methodology could be applied for FPGA implementation. A paragraph will be internal to the results and finally, we will conclude and put forward a few viewpoints.
STATE OF THE ART
Very few articles tackle the problem of the MU design in a global way. Most articles address a particular problem and suggest solutions which strongly depend on the types of data manipulated or type of memory used. These studies can be classified according to three main points. 0 Memory selection : In [7] , a specific selection of MU organization is suggested. A horizontal selection which associates several MU, ensures that the width of the data corresponds to the width of the memory selected. A specific size of memory can be achieved through vertical selection. Furthermore, to increase the transfer frequency, a selection of interleaved memory can be used. Finally, another selection can virtually increase the number of memory ports.
In [8] , the suggested method enables them to provide the number, the type (RAM or ROM), the word width, and the number of ports of each memory.
The selection rests on the evaluation of a silicon-area-cost function.
0 Allocation of storage units : These approaches are principally the scalar and the vectorial approaches. In the scalar, the goal is to minimize the number of registers needed to store data [9] [lo] . It concerns the analysis of production and consumption data dates, in order to try to maximize the sharing of memory locations. The ILP resolution techniques (Integer Linear Programming) , graph coloration, or clique partitioning are widely used. The design cycle of HLS tools, e.g. the GAUT cycle, integrates this approach while proposing algorithms to minimize the number of PU register. These techniques revealed major flaws when we computed algorithms handling multi-dimensional data [ll] . In fact, the size of the problem makes its resolution difficult. The vectorial approaches use the regularity of data structures and the regularity of the processing, to carry out an optimal arrangement in different memory banks
[la]. This involves making sure that the particular accesses (line, column, or matrix type) can be executed without a time delay. 0 Generation of Addressles : Several technics are proposed to bring about this function. Some of them are made up of a PU with a set of index registers [13] , or a specific PU using the DSP properties [14] , or a state machine, generating the necessary addresses for accessing the data from or to the memory [16] at each step of the algorithm. These solutions have different costs and allow us to produce adress s,equences more or less complex.
FORMULATION OF THE SELECTION PROBLEM
In a first approach, we suggest a selection of memory components for a fixed model of organization (figure 1). This selection, in turn, consists of searching through a library the set of inemory best suited to the data storage, all according to the requirements expressed by the PU synthesis. We can notice that to reach the best selection, t,he higher number of memory type is, the higher number of explored solutions is. The MU and the AG can be inside or outside the ASIC. If the AG is inside, the cost considerably increases because of the number of necessary 1/0 pahds for the address bus. On the other hand if the generator is outside, it will be built in an FPGA circuit.
Definitions
We suggest a formulation for the selection problem with the following notations and variables classified in alphabetical order.
1. A b is the available area if the number of pads is known ; 2. A D is the area of a binary counter er bit ; 3. A P t s , is the location area of the i t '
internal memory ( A P t s , = f ( N B i t s , , N P , ) ) ; 
Minimization of a cost function
The feasibility depends greatly on its total area (technology constraint). This area depends on the silicon area attributed to the core and the necessary area to ensure exchanges with the outside. In this paragraph, we will discuss the cost of the in/out pads of the ASIC. It thus involves finding a compromise between core or pad limited ASIC. T h e coherence of d a t a is defined using three criteria : t t e m p o r a l coherence : two data simultaneously transferred can not b e in t h e same met Spatial coherence : t h e reading and writing of t h e same d a t a must b e carried o u t in Functional coherence : in t h e case of a pipeline structure, t h e writings of a pipeline mory b a n k ;
The ideal choice is explained mathematically by a relationship between A,, A b and the cost of external memory components. In the general case, the relationship Au/Ab tends towuds to 1 and the loss area is minimal (see figure   2 .c). To obtain an optimal selection, we suggest to minimize its cost, it can be explain by :
i=l
The first term of the sum expresses the ASIC cost by multiplying the mm2 cost by the ASIC area. The second term expresses the cost of external selected MU. Finally, the third term evaluates the external AG cost which will be implemented in one or several FPGA (the -Tfpga function return the FPGA price).
The A, and Ab area are given by :
The necessary area A, is computed from the sum of the PU area (including the CU area), internal MU and internal AG. The A b area is computed from the square of the ASIC side which is fixed by the number of pads to implement. The MU and AG costs are defined by :
The AG cost is estimated by a preloaded binary counter area which is equivalent to 12 logic gates (eg. for an l p m technology, AD = 12 . Density =
. 437pm2/gate).
The number of pads N B R is estimated by the following relationship :
The C term takes into account the pads of power supply, clock, . . ., necessary for the ASIC. The second term expresses the number of data bus pads to place on the ASIC. The third term estimates the number of address bus pads necessary to address the external memory, that depends on the average number of accessing data in t h e external memory by internal generator.
The constraints of the memory selection problem
We will put forward four constraints. Three of them will attempt to sa.tisfy t,he data storage and the transfer sequence and the last will try to ensure the feasibility of the internal memory. The constraints that we proposed are minimal and allow us to have a good estimation of application needs. Note that during the MU synthesis, it is possible to increase the number of selected MU. 
Implementation of the application in a FPGA
During the prototyping step, the designer can hope to estimate the feasibility of the solution for a particular FPGA implementation. A given family of FPGA is characterized by a set of circuits which are pad and core limited.
In this case, the circuit imposes some new constraints which are the number of pads, the available area and the size of internal memory. These first, two constraints can be explained by :
With S f p g a the available area in the FPGA (from the number of gates it is possible to know the area). This area is multiplied by a constant r, which provide to specify that FPGA circuit is never used at 100% (with ru Y 80%).
With N B R~~~~ the number of pads of the targeted FPGA. And with N P f p g a the number of memory locations available in the FPGA.
The library can contain all the available circuits for one family of FPGA, and for each FPGA circuits the library must describe its characteristics.
Note : We can not use the simplex resolution technics to solve this problem because it is not an ILP formulation. However the weak number of MIJ in library allow us to use exhaotive technics. On the other hand, if we have exclusively t o prototype an application by ids only of the technology and is about can simply be controled by the designer Table 1 : Memory library used for the selection In the table 1 the RAM 1 Lo 6 are internal and the price is given by the ASIC area. On the other hand RAM 7 to 11 are external (standard RAM components). All this prices can be given by the designer and strongly depend on the application. The operator library must define the group of parameters necessary for the synthesis of the MU. An external view of each memory component is described in VHDL language and shows the number and type of each input/output. The use of generics allows us further precision concerning the area, the access time, the global size of the memory and thus, the cost of cach memory component. In table 1 we show the library that we have used to produce the results of paragraph 5. It is interesting to note that the cost of internal RAMS is not shown. This is independent of memory characteristics and depends solely on the price of silicon and the technology targeted. It is also interesting to notice that the external memory area is not mentioned. In fact, this area is not characteristic of the cost as it includes the whole packaging. It cannot be compared to the area of an equivalent internal memory for which only the silicon area of the memory is taken into account. Total Price ($) We have carried out three series of tests on the LMS filter (which is an adaptive filter used for an acoustic echo cancellation application). Each serie of tests corresponds to a different number of ASIC to be produced. In this way, the first serie (table 2.a) explores the memory solutions when a prototype is produced, (meaning the production of a single ASIC). In this case we can see how the selection module chooses external MU with a view to reducing as much as possible the cost of the ASIC. In actual fact, the cost of the internal memory location is much greater than its equivalent in external memory. Figure 3 represents the rate (7-= NbData/NbPts . 100) of the memory location utilization. This is about 70 %, except for the number of taps equal to Table 2 .c shows the results of the selection when it is necessary to produce around one hundred ASICs. When this is the case, the choice of memory types is mixed, meaning that the selection module offers to store some data inside the ASIC and the others in external memory. The cost of the external memorization comes to about 10 % of the total cost of the operation.
MEMORY LIBRARY DESCRIPTION
As with the two previous cases, the rate of use of memory locations is in the region of 70 %.
CONCLUSION
We have shown an original method of memory selection based on the minimization of MU cost. Let us bear in mind that our approach follow the PIJ synthesis and is, therefore bound by its constraints. The formulation of this selec1,ion problem that we are putting forward allows us to consider] in a realistic fashion, the cost of all the memory components which the ASIC production will use. Thus, the number of ASIC that we hope to produce becomes a critical parameter while selecting MU. One can find in [16] the results of MU synthesis for the application presented here.
We have developed a synthesis tool dedicated to MU [16] integrating the selection module presented in this paper. Together with HLS tool, this allows either the refining of the prototype algorithm (rapidly suggesting an evaluation of memory organization), or the achievment of complete memory solution. The results of architecture synthesis, in terms of type, number of operators, and registers are tibus completed by an exact evaluation of cost, and organization of the MU. Together, these form a framework for development or fast prototyping phases We are currently working, in our laboratory, on the problem of the selection of MU hierarchy It will allow us to suggest, when necessary, a memory comprised of several levels, e g a cache memory
